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Karolinska Institutet a more oxidative protein (Grauschopf et al., 1995; Gud-
dat et al., 1997; Huber-Wunderlich and Glockshuber,S-141 57, Huddinge
Sweden 1998). Although other factors influence the redox prop-
erties of the -Cys-X-X-Cys- motif, the pKa of the N-terminal
cysteine clearly contributes to these properties (Chivers
et al., 1997).Summary
Considerable efforts, therefore, have been devoted to
understanding the factors modulating this pKa in TrxThe variety of cellular functions performed by proteins
of the thioredoxin superfamily is made possible by the (Dillet and Bashford, 1998; Jeng et al., 1995), DsbA (Gane
et al., 1995; Grauschopf et al., 1995; Guddat et al., 1997;wide range of redox potential associated with their
active site -Cys-X-X-Cys- motif. The determinants of Warwicker and Gane, 1996), and Grx (Foloppe et al.,
2001). Mutation studies (Dyson et al., 1997; Gan andthese differences in redox potential are of consider-
able interest but are not well understood. E. coli Gluta- Wells, 1987; Grauschopf et al., 1995; Huber-Wunderlich
and Glockshuber, 1998; Mo¨ssner et al., 1998; Nord-redoxin 1 (Grx1) and 3 (Grx3) are important model sys-
tems with different redox properties, despite sharing strand et al., 1999b) have emphasized the role of the
intervening -X-X- residues, showing that they can dra-the same -Cys-Pro-Tyr-Cys- motif, very similar overall
structures, and 33% sequence identity. Very long mo- matically influence the pKa of the N-terminal cysteine.
In addition, X-ray or NMR structures are available forlecular dynamics simulations (0.25 s total) and elec-
trostatic calculations provide a revised view of the several members of the Trx superfamily, including Trx
(Holmgren et al., 1975; Jeng et al., 1994; Qin et al., 1994;reduced Grx1 active site, which now can be reconciled
with biochemical and functional data. Comparison of Weichsel et al., 1996), Grx (Berardi and Bushweller,
1999; Bushweller et al., 1992; Ingelman et al., 1995;this new model to Grx3 uncovers differences in the
structure, dynamics, and electrostatics of these active Nordstrand et al., 1999a, 2000; Sodano et al., 1991; Sun
et al., 1998; Xia et al., 1992), and DsbA (Guddat et al.,sites. The influence of peripheral residues on the prop-
erties of the -Cys-X-X-Cys- motif is illustrated specifi- 1997, 1998).
This large body of experimental data provides a richcally with the effect of a Lys to Arg substitution.
ground for theoretical interpretation of the various con-
tributions affecting the pKa of the N-terminal cysteineIntroduction
in -Cys-X-X-Cys- (Dillet and Bashford, 1998; Foloppe et
al., 2001; Gane et al., 1995). Taken together, these stud-Cysteine chemistry is central to the enzymatic mecha-
nism of the thiol-disulfide oxidoreductases of the thiore- ies suggest that the local effect of the -X-X- residues
on this pKa may largely be understood in terms of thedoxin superfamily, such as thioredoxins (Trxs), glutare-
doxins (Grxs), protein disulfide isomerase (PDI), and number of hydrogen bonds that the -X-X- residues can
provide to stabilize the thiolate charge. For instance,DsbA. These enzymes are ubiquitous and share a similar
architecture, known as the thioredoxin fold (Eklund et replacement of a Tyr in the -Cys-Pro-Tyr-Cys- motif of
Grx (or a His in the -Cys-Pro-His-Cys- motif of DsbA)al., 1984; Martin, 1995). Trx, Grx, PDI, and DsbA active
sites contain a -Cys-X-X-Cys- motif, where the N-ter- by a Pro in its Trx counterpart (-Cys-Gly-Pro-Cys-)
allows the backbone of Grx (DsbA) to donate one moreminal cysteine thiol has a pKa significantly lower than
that of a free cysteine (Dillet and Bashford, 1998; Gan hydrogen bond to the thiolate sulfur than in Trx, which
would lower the pKa of the N-terminal active site cysteineand Wells, 1987; Holmgren, 1995; Kallis and Holmgren,
1980; Kortemme et al., 1996; Nelson and Creighton, in Grx (DsbA) more than in Trx (Foloppe et al., 2001;
Gane et al., 1995). The His of the -Cys-Pro-His-Cys-1994; Nordstrand et al., 1999b; Yang and Wells, 1991).
motif in DsbA can also hydrogen bond the thiolate sulfurIn contrast, the thiol of the C-terminal active site cysteine
(Guddat et al., 1998), which may stabilize the thiolatehas a pKa usually more basic than that of a free cysteine.
anion in DsbA more than in Grx (Foloppe et al., 2001).Depending on the protein, measured values of the pKa
The thiol of the C-terminal cysteine is another groupof the N-terminal active site cysteine range from 7.1
that can hydrogen bond the thiolate (Jeng et al., 1995).in Trx (Dyson et al., 1997; Jeng et al., 1995; Kallis and
The X-ray crystal structures of reduced Trx (WeichselHolmgren, 1980) to 3.2 in DsbA (Grauschopf et al.,
et al., 1996) and reduced DsbA (Guddat et al., 1998) are1995; Nelson and Creighton, 1994). The thiol pKa is a
compatible with such a hydrogen bond. NMR experi-key determinant of the reactivity of its sulfur, as a low-
ments (Nordstrand et al., 1999b) and molecular dynam-ered pKa affects both nucleophilicity and leaving group
ics (MD) simulations (Foloppe et al., 2001) with glutare-ability of the associated thiolate (Gilbert, 1990; Szajew-
doxin 3 (Grx3) from Escherichia coli (E. coli) have
provided direct evidence in support of this hydrogen*Correspondence: lennart.nilsson@biosci.ki.se
bond.2Present address: Vernalis (Cambridge) Ltd., Granta Park, Abington,
Cambridge CB1 6GB, United Kingdom. The predictions derived from these simulations and
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Figure 2. Conformations of the Active Site Cysteines in the Available
NMR Structure of Reduced Grx1
The 20 conformers of the -Cys-Pro-Tyr-Cys- motif are shown (PDB
entry 1EGR), but only cysteine side chains and relevant hydrogens
are displayed for clarity. Labels indicate residue numbers. The con-
formers are presented after best fit of their -Cys-Pro-Tyr-Cys- localFigure 1. Consensus Conformation of Cys11 and Cys14 in Reduced
backbone on that of conformer 1, to minimize the structural devia-Grx3
tions.The shown residues were obtained from PDB entry 1ILB (Foloppe
et al., 2001). Pro12 and Tyr13 are also shown. Labels indicate residue
numbers. Hydrogen bonds that consistently involve the Cys11 thio-
folds and active site sequences. In particular, Grx1 is alate are indicated with broken lines.
kinetically much more active hydrogen donor to ribonu-
cleotide reductase than Grx3 (A˚slund et al., 1994). Also,
Grx1 is intrinsically more reducing than Grx3 (A˚slund etthe associated pKa calculations were borne out experi-
mentally (Foloppe et al., 2001) and confirmed the role al., 1997). There is not yet sufficient structural informa-
tion for interpretation of these functional differences. Toof the C-terminal cysteine in lowering the pKa of the
N-terminal cysteine in Grx3. In these simulations, the address these questions, we first investigated the effect
of the conformational heterogeneity of the NMR struc-conformation of the active site cysteines was precisely
defined, with each cysteine side chain populating essen- ture of the active site of reduced Grx1 on the calculated
pKa of its active site cysteines. The view of this activetially one rotamer (Figure 1), such that the hydrogen
bonds stabilizing the thiolate were rarely disrupted on site as given by NMR is then compared to that produced
by long (75 ns) MD simulations of the solvated proteins.a 10 ns timescale. This picture of the Grx3-reduced
active site allows us to rationalize how it stabilizes a These simulations are combined with pKa calculations
to present a comparative analysis of the structure, dy-thiolate, but differs from what is presented in NMR struc-
tures of the active site of reduced E. coli glutaredoxin namics, and electrostatics of the active sites of reduced
Grx1 and Grx3. The results uncover structural and dy-1 (Grx1) (Sodano et al., 1991).
Grx1 and Grx3 are homologous proteins with 33% namic differences between these highly homologous
sites, and illustrate the influence of peripheral residuessequence identity (Mo¨ssner et al., 1998), with active
site residues -Cys11-Pro12-Tyr13-Cys14- at the same on the -Cys-X-X-Cys motif. This approach is of general
interest to the understanding of the Trx superfamily.position in both sequences. The conformation of the
active site cysteines is, however, not well defined in the
NMR structure of reduced Grx1. In this structure, Cys11 Results and Discussion
and Cys14 adopt a spread of conformations (Figure 2),
such that Cys11 does not form, by and large, the hydro- The following refers to the reduced form of Grx3 and
Grx1 unless stated otherwise. We first review the pre-gen bonds found in reduced Grx3 and reported to stabi-
lize its thiolate. These apparent differences between two viously reported NMR structure of the Grx1 active site
and calculate the associated pKa values for the cys-highly homologous active sites are troubling and raise
questions regarding their actual structures and dynam- teines. This analysis of the NMR structure is then com-
pared to that obtained by long MD simulations. Theics. The level of structural accuracy needed for reliable
electrostatic calculations on these active sites requires simulations are also used to compare the structure, dy-
namics, and electrostatics of the active sites of Grx3that these structural questions be resolved (Dillet and
Bashford, 1998; Foloppe et al., 2001; Kumar and Nussi- and Grx1, showing that a dynamical view is necessary
to understand their differences. The present interpreta-nov, 2001; Nielsen et al., 1999).
These questions are particularly pressing because tion of the calculated pKas emphasizes the role of hydro-
gen bonds as a key mechanism to stabilize the investi-Grx3 and Grx1 exhibit different enzymatic properties
(A˚slund et al., 1994, 1996, 1997), despite sharing similar gated thiolate. This approach is appealing because it
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can be easily related to the structures, and it facilitates Table 1. Frequency of Hydrogen Bonds Accepted by the Sulfur
of the Active Site Cysteines in Reduced Grx3 and Grx1, inthe comparison of the now large amount of available
the NMR and MD Conformersstructural data, without ignoring that other factors con-
tribute to the calculated values of the pKas (Bashford Protein Acceptor···Donor NMRa MDa
and Karplus, 1990; Gilson and Honig, 1988).
Grx1 grx1_a grx1_b
S11···N13 1 44.4 50.9
S11···N14 0 59.0 50.3Analysis of the Reduced Active Site of Grx1 Based
S11···S14 1 58.4 58.2on the Available NMR Structure
S11··· H—N8 noneb 31.0 23.0To our knowledge, the only reported experimental struc-
S11···H11—N18 noneb 2.8 0.0ture for reduced Grx1 was obtained by NMR (PDB entry S11···H12—N18 noneb 0.0 0.0
1EGR [Sodano et al., 1991]), and no experimental struc- S11···H21—N28 noneb 13.5 39.9
S11···H22—N28 noneb 0.0 0.0ture of reduced Grx3 has been presented. To guide our
analysis of the Grx1 active site, it is useful to compare Grx3 grx3_a grx3_b
it to the view obtained by MD for its equivalent in Grx3
S11···N13 nac 90.5 88.5(Figure 1). In Grx3, the hydrogen bond donors found to
S11···N14 nac 81.1 69.7consistently stabilize the thiolate sulfur (S11) of Cys11 S11···S14 nac 53.9 46.4
were the amide nitrogen (N13) of Tyr13, the amide nitro- S11···N8 nac 2.8d 7.9d
gen (N14) of Cys14, and the thiol sulfur (S14) of Cys14 S11···O10 nac 0.1 0.0
(Foloppe et al., 2001). The amino nitrogen (N8) of Lys8 a Comparison bewteen the populations obtained by NMR and MD
also intermittently hydrogen bonded S11 in Grx3. We can only be qualitative (see main text). For the NMR structure (PDB
therefore inquire whether these interactions, or their entry 1EGR), the frequency is the number of conformers where the
interaction is present; for the MD simulations, it is the percentageequivalent, are formed in the NMR conformers of Grx1.
of the time during which the interaction is formed. These percent-The presence of these interactions is coupled to the
ages were calculated after excluding the first 5 ns of every simulationconformation of the catalytic cysteines.
(equilibration).Like in Grx3, the catalytic cysteines in Grx1 are Cys11 b Note uncertainties in the stereochemistry.
and Cys14, whereas the equivalent of Lys8 in Grx3 is c Not available.
Arg8 in Grx1. In the 20 NMR conformers of Grx1, Cys11 d The reported percentages reflect the possibility that the lysine
amino nitrogen may donate more than one hydrogen bond to theand Cys14 side chains adopt a wide range of conforma-
sulfur at a given time, and each individual hydrogen bond involvingtions (Figure 2). A detailed analysis of the NMR model
either H1 or H2 or H3 was counted.of reduced Grx1 shows that it does not display, by and
large, the hydrogen bonds found to stabilize the thiolate
of Cys11 in Grx3 (Table 1). Also, Arg8 does not hydrogen
bond S11 in the NMR conformers. the NMR structure of reduced Grx1 (Sodano et al., 1991),
as compared to NMR structures of enzymes in the sameThis is reflected in the pKas of Cys11 (pKa11) calculated
based on the NMR conformers; the value for Cys14 family where the active site region is more precisely
defined (Jeng et al., 1994; Qin et al., 1994; Sun et al.,(pKa14) is also given for comparison. Average values
( standard deviation) for pKa11 and pKa14 are 10.1  1.9 1998).
and 15.2 2.9, respectively. In 16 out of 20 conformers,
pKa11 is higher than the reference pKa of 8.3 used for a Analysis of the Reduced Active Sites of Grx3
and Grx1 Based on MD Simulationscysteine free in solution. The NMR structure of reduced
Grx1 therefore suggests that it destabilizes the thiolate We compare long MD simulations of the reduced active
site of Grx3 and Grx1. For each protein, we obtainedstate of Cys11 as compared to a free cysteine in solution.
If that were correct, Grx1 would stand apart from other two simulations, starting from different active site con-
formations. The starting conformations were chosenmembers of the thioredoxin family, for which the pKa of
the N-terminal active site cysteine is typically signifi- with care such that (1) they differed significantly from
each other, to test whether the simulations would con-cantly lower than 8.3 (Dillet and Bashford, 1998; Gan
and Wells, 1987; Kallis and Holmgren, 1980; Kortemme verge, and (2) the sulfur of the N-terminal active site
cysteine in Grx1 did not present the pattern of hydrogenet al., 1996; Nelson and Creighton, 1994; Nordstrand et
al., 1999b; Yang and Wells, 1991). This view of the re- bonds obtained with Grx3 (Foloppe et al., 2001) (Figure
1), to test whether these hydrogen bonds would formduced active site of Grx1, however, contrasts with that
obtained by MD simulations (see below). It is also signifi- during the simulations. Given the conformational hetero-
geneity of the active site in the NMR structure of Grx1,cantly different from its counterpart in the NMR structure
of human Grx (Sun et al., 1998), which is more precisely it was deemed important to extend the previous simula-
tions of Grx3 from 10 to 50 ns. These simulations aredefined, with the sulfur of the N-terminal active site cys-
teine being frequently hydrogen bonded. These differ- called grx3_a and grx3_b, and compared with simula-
tions grx1_a and grx1_b of Grx1.ences may reflect the fact that the NMR structure of
Grx1 was refined with its N-terminal active site cysteine Overall Stability of the MD Simulations
The total, kinetic, and potential energies were stable inin a neutral form, which is expected to yield a less accu-
rate representation of this cysteine conformation given all simulations (data not shown). The root mean square
deviations (rmsd) between the starting and the simu-that an important fraction of its thiol is deprotonated
(Sun et al., 1998; A˚slund et al., 1994). In addition, a lower lated structures as a function of time show that the
simulations were stable on a time scale of 50 ns andnumber of experimental restraints was used to derive
Structure
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Figure 3. Time Course of Rmsd Values (A˚)
between the Initial and Simulated Structures
Rmsd values are shown for grx3_a (A), grx3_b
(B), grx1_a (C), and grx1_b (D), for all atoms
(blue) and backbone atoms only (red). The
average ( standard deviations) for the back-
bone only are 2.0  0.3 (grx3_a), 2.4  0.2
(grx3_b), 2.0  0.3 (grx1_a), and 2.6  0.3
(grx1_b). The initial 5 ns of the trajectories
were excluded from the calculations of these
average values.
above (Figure 3). This is in itself a useful result given The simulations of Grx1 were pursued for significantly
longer (75 ns) than those of Grx3, in view of the increasedthat, to our knowledge, it is the first time that a set of
MD simulations of a folded protein in explicit solvent conformational variability displayed by the Grx1 active
site relative to that of Grx3. This difference between thewith periodic boundary conditions is presented on this
timescale. Until recently, some doubts remained as to two active sites is clearly illustrated by Cys11, for which
1 significantly populates the three conformations trans,whether such simulations would be stable (Daggett,
2000; Ibragimova and Wade, 1998). This work shows g, and g (Table 2; Figure 4), in contrast to the over-
whelmingly preferred trans rotamer in Grx3. Althoughthat such simulations can be stable, and focuses on a
comparative analysis of the active sites. Other aspects both grx1_a and grx1_b were initiated with 1Cys11 in g,
the two major conformers for 1Cys11 in both simulationsof these simulations pertaining to the overall dynamics
of these proteins will be discussed elsewhere (our un- are trans and g. This shows that these simulations were
not confined to their starting configurations and that apublished data).
Conformations and Dynamics of Cys11 and Cys14 reasonable degree of convergence between both simu-
lations has been achieved. Such convergence is alsoThe conformations, dynamics, and pKas of Cys11 and
Cys14 in Grx3 were recently studied in detail, combining obtained with respect to the conformation of Cys14,
with 1Cys14 populating almost only the g range, whetherexperimental techniques and two MD simulations of 10
ns each (Foloppe et al., 2001). An excellent agreement starting from g (grx1_a) or trans (grx1_b). A minor
1
Cys14 	 trans population was also observed in Grx1,was observed between simulations and experiment,
concluding that both 1Cys11 and 1Cys14 overwhelmingly which was was not seen in simulations of Grx3.
The conformational differences of Cys11 betweenpopulate a single conformational range, with 1Cys11 	
trans and 1Cys14 	 g. The conformational rigidity of Grx1 and Grx3 explain why the S11···N13 and S11···N14
hydrogen bonds are less frequently formed in Grx1 thanCys11 was found to be a major determinant of the de-
pressed pKa of Cys11 in Grx3, because the 1Cys11 	 in Grx3 (Table 1; Figure 4). On average, the S11···N13
hydrogen bond is formed 89.5% of the time in Grx3 andtrans/1Cys14 	 g conformation maximizes the number
of hydrogen bonds that can be formed between S11 and only 47.6% of the time in Grx1; the S11···N14 hydrogen
bond is formed 75.4% of the time in Grx3 and only 54.6%hydrogen bond donor groups from the protein (Figure 1).
The conformational rigidity of Cys14 was also important of the time in Grx1. These hydrogen bonds cannot be
formed when 1Cys11 	 g, which is populated 10% ofbecause it is only with 1Cys14 	 g that the thiol of Cys14
can hydrogen bond to S11. The extension of the initial the time in Grx1, and the S11···N13 hydrogen bond is
more rarely formed with 1Cys11 	 g than with 1Cys11 	MD simulations to 50 ns further tests the conformational
rigidity of Cys11 and Cys14 in Grx3. Although Cys11 is trans. The S11···S14 hydrogen bond is, however, formed
8% more frequently in Grx1 than in Grx3 in the simula-largely solvent exposed, 1Cys11 remained in trans in
grx3_a and grx3_b, with very rare excursions in g (Table tions. These simulations, therefore, suggest that the
structure and dynamics of the catalytic cysteines in re-2). With the more buried Cys14, 1Cys14 did not leave
the g conformer. This confirmed the results previously duced Grx3 and Grx1 differ. Other aspects of these
active sites were also found to differ (see below).obtained with shorter simulations and led to similar aver-
age calculated pKas (Table 3). This conformational rigid- Overall, the structural model of the active site of re-
duced Grx1 obtained from the simulations is more simi-ity of Cys11 and Cys14 in reduced Grx3 contrasts with
what was obtained with Grx1. lar to that of Grx3, also obtained from MD simulations,
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293
Table 2. 1 Conformation of the Reduced Active Site Cysteines before and during the MD Simulations, in Grx3 and Grx1
During MDb
Simulationa Initial Conformation (
) trans (%) g (%) g (%) Otherc (%) Transitionsd
grx3_a Cys11 trans (173.9) 99.5 0.0 0.2 0.3 2
Cys14 trans (173.2) 0.0 0.0 100.0 0.0 0
grx3_b Cys11 g (56.6) 96.4 0.0 2.7 0.9 8
Cys14 g (57.8) 0.0 0.0 100.0 0.0 0
grx1_a Cys11 g (58.7) 20.3 65.9 13.1 0.7 20
Cys14 g (32.4) 8.2 0.0 90.9 0.9 16
grx1_b Cys11 g (65.3) 50.5 37.1 11.3 1.1 9
Cys14 trans (163.2) 0.8 0.0 98.9 0.3 2
a The first 5 ns of equilibration were excluded from the statistics.
b Conformations during the simulations are reported in percent of the time spent in conformational ranges trans, g, g, and other, based on
a sampling every 0.5 ps.
c Other denotes any torsion outside the trans, g, or g ranges.
d Number of transitions between the trans, g, g conformational ranges.
than to the model derived by NMR for reduced Grx1. the time in Grx1_a and Grx1_b, respectively. Therefore,
This, however, does not reflect a bias in the force field Arg8 in Grx1 hydrogen bonds Cys11 significantly more
used during the MD simulations, given that this force frequently than Lys8 in Grx3. This may be explained
field leads to significant differences between Grx3 and by the bidentate nature of the hydrogen bond formed
Grx1. The implications for pKa11 and the active site ac- between the guanidinium and the thiolate. Graphical
cessibility are discussed below. inspection of snapshots of grx1_a and grx1_b consis-
Lysine versus Arginine at Position 8 tently shows Arg8 in a fully extended conformation when
Extending the Grx3 simulations was crucial to study the hydrogen bonding S11 (Figure 6), which corresponds to
dynamics of Lys8 relative to the rest of the active site, a minimal internal conformational strain. The equivalent
in particular regarding the possible formation of a hydro- conformation for Lys8 would put its N8 at the same
gen bond between the amino nitrogen N8 of Lys8 and position as C8 in Arg8, not favorable for hydrogen bond-
S11 (Figure 5; Table 1). Previous simulations carried out ing to S11, especially when 1Cys11 	 trans. Therefore,
only to 10 ns were ambiguous in that respect, with this the extended conformation for Lys8 does not allow its
hydrogen bond being formed at the end of the second ammonium to reach to S11. Indeed, in snapshots of
simulation (Foloppe et al., 2001). The extended simula- grx3_a and grx3_b where this interaction is present, the
tions show, however, that the tip of Lys8 side chain is 3 torsion of Lys8 adopts a strained g conformation.
highly mobile and that the S11···N8 hydrogen bond is This also contributes to explain the difference bewteen
only formed intermittently, less than 10% of the time. Arg8 and Lys8 with respect to hydrogen bonding of the
This is consistent with the marginal effect on pKa11 which Cys11 thiolate.
is experimentally observed in the Lys8Ala mutant of It is remarkable that (1) it takes45 ns before a hydro-
Grx3 (Foloppe et al., 2001). This is in clear contrast with gen bond is formed bewteen Arg8 and Cys11 in grx1_a,
the dynamics of Arg8 in Grx1. and (2) once this hydrogen bond is formed it is rarely
The guanidinium of Arg8 in Grx1 hydrogen bonds S11 disrupted. This shows that very long simulations are
in Grx1_a and Grx1_b at least 31.0% and 39.9% of the probably needed to fully capture the behavior of long
time (Figures 5 and 6; Table 1). The main hydrogen bond flexible side chains at the surface of proteins, and their
donors are N8— H and N28— H21. Both of these groups functional implications. In the present case, only long
hydrogen bond S11 simultaneously 13.8% and 19.5% of simulations can convincingly suggest that substituting
lysine by arginine leads to structural differences in the
reduced active site of glutaredoxins.
Table 3. Average Calculated pKa Values for Cys11 and Cys14 Since the side chain of Arg8 is in a fully extendedfrom MD Simulations of Reduced Grx1 and Reduced Grx3
conformation when hydrogen bonding Cys11, it shields
Trajectorya Cys11 Cys14 the thiolate from solvent to a large extent (Figure 6). The
Struct1-Sb 4.9 13.4 average solvent accessible surface area of S11 in Grx1
grx3_a 4.7 (0.1)c 13.6 (0.2) is significantly less when it is hydrogen bonded to Arg8
Struct2-Sb 5.0 15.4 (3.9 A˚2) than when it is not (22.0 A˚2). Therefore, when
grx3_b 5.0 (0.1) 15.2 (0.3)
hydrogen bonded to Arg8, S11 in Grx1 is clearly moregrx1_a 5.0 (0.6) 17.0 (0.5)
shielded from putative substrates than S11 in Grx3, forgrx1_b 4.8 (0.3) 17.3 (0.3)
which the average solvent accessible surface area is
a After excluding the first 5 ns of every simulation (equilibration),
15.6 A˚2. It is likely that this affects the reactivity andexcept for Struct1-S and Struct2-S.
catalytic properties of reduced Grx1 as compared tob From (Foloppe et al., 2001), where Struct1-S and Struct2-S are
Grx3.the first 10 ns of grx3_a and grx3_b, respectively.
c The standard error of the average, estimated as SD/N1/2, where SD These results provide an interesting example of where
is the standard deviation of averages over 5 ns blocks, and N is the an Arg to Lys substitution is predicted to affect enzyme
number of such blocks in a simulation.
active site properties, despite the common perception
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show that specific interactions involving such charged
groups can dramatically affect the properties of key
catalytic residues, such as their accessibility and pKa.
pKa of Cys11 and Cys14 Calculated from the MD
Trajectories
The average values of the pKas of Cys11 and Cys14
calculated along the MD simulations of reduced Grx3
and Grx1 are summarized in Table 3. The instantaneous
values of these pKas, calculated every 200 ps, are plotted
in Figure 7. The 10 ns simulations of Grx3 had led to
pKa values of 5.0 for Cys11, and 14.4 for Cys14.
These values are unchanged when recalculated from
the 50 ns MD trajectories.
The average values ( standard error of the average)
of pKa11 calculated from grx1_a (pKa11 	 5.0  0.6) and
grx1_b (pKa11 	 4.8  0.3) are very close to each other,
as well as the average values of pKa14 (17.0  0.5 in
grx1_a; 17.3 0.3 in grx1_b), indicating that these simu-
lations have probably converged with respect to these
properties. This is not trivial, given the associated struc-
tural fluctuations presented above. The average pKa11
value of5.0 obtained from the MD simulations of Grx1
is considerably lower than its counterpart value of10.0
when calculated from the NMR conformers. This shows
that a limited reorganization of the active site side chains
can lead to dramatic changes in the pKa of its N-terminal
cysteine. Clarifying the conformational properties of
these side chains is therefore relevant to the biochemis-
try of these enzymes. The much lower average value of
pKa11 calculated from the simulations is consistent with
the structural differences observed between the simu-
lated active site and that derived from NMR, with S11
being hydrogen bonded to the rest of the protein most
of the time in the simulations. Therefore, the structure of
reduced Grx1 derived from the simulations is consistent
with a depressed pKa for the N-terminal active site cys-
Figure 4. Conformation of Residues -Cys11-Pro12-Tyr13-Cys14- in teine. The value of pKa11 in wild-type Grx1 has been
Simulation of Grx1 reported to be below 5 (A˚slund et al., 1994). Therefore,
(A) From grx1_a at 30 ns. 1Cys11 is in g, and the sulfur of Cys11 is the present work allows us to reconcile the structure of
not hydrogen bonded to the rest of the protein. reduced Grx1 with the trend observed for other mem-
(B) From grx1_a at 50 ns. 1Cys11 is in g, and the S11···N14 and bers of the Trx superfamily.
S11···S14 hydrogen bonds (dotted lines) are formed, but not the The calculated average values of pKa11 in Grx3 andS11···N13 hydrogen bond.
Grx1 are virtually identical. This apparent similarity, how-The conformation 1Cys11 	 trans is also frequently observed with
Grx1, and is similar to that shown for Grx3 in Figure 1. For clarity, ever, covers subtle differences. The fluctuations of the
only selected hydrogens are shown. instantaneous value of pKa11 in Grx1 are about twice
those in Grx3. This is clearly illustrated in Figure 7, which
shows that pKa11 values vary significantly more widely
that such substitution is structurally and functionally in Grx1 than in Grx3, even in the last stages of grx1_a
conservative. and grx1_b. This reflects the underlying structural fluctu-
It has been suggested that long flexible charged side ations. For instance, in grx1_a there is a striking parallel
chains at the surface of proteins have a general influence between the time course of pKa11 (Figure 7) and that
on the dielectric properties of proteins, the motions of of the Arg8 guanidinium/Cys11 distance (Figure 5). In
their charged groups contributing to increase the dielec- grx1_a, before 40 ns, the average value of pKa11 is 6.8,
tric response at the surface of proteins relative to their when the Arg8 guanidinium is not in contact with S11.
buried core (Simonson and Perahia, 1995). The present This contact is formed between 40 and 50 ns, after which
simulations qualitatively support the view that charged the average pKa11 value drops to 2.7. This highlights the
side chains at a protein surface are mobile, which, al- difficulty of deriving theoretical pKa values from only
though frequently assumed, has rarely been directly ob- one, or a few, protein conformers. With grx1_a, the first
served on a timescale of several tens of nanoseconds 40 ns would lead to a result significantly different from
presented here. This work also suggests that the influ- a 75 ns simulation. This suggests that accurate pKa cal-
ence of such side chains may be more subtle than just culations may have to rely on large ensembles of physi-
a general nonspecific increase in the dielectric constant cally relevant conformers. Taking grx1_a and grx1_b
together, the average pKa11 value is 2.9 when S11 isat protein surfaces. Indeed, the simulations of Grx1
The Glutaredoxin -C-P-Y-C- Motif
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Figure 5. Time Course of the Distance be-
tween the Thiolate Sulfur and Selected Neigh-
boring Cationic Groups
Distance S11···N8 in grx3_a (A) and grx3_b
(B). Distance S11···N8 in grx1_a (C) and
grx1_b (D).
hydrogen bonded to Arg8, and is 6.2 when not hydrogen Another difference bewteen Grx1 and Grx3 is the aver-
age calculated value of pKa14, which is at least 2.0 pKabonded to Arg8. This shows that Arg8 has a strong
units higher in Grx1 than in Grx3 when derived frominfluence on the pKa of Cys11 in Grx1, in contrast with
the MD simulations (Table 3). That pKa14 is dramaticallyLys8 in Grx3. This echoes experimental observations
higher than pKa11 is consistent with what is typicallywith pig liver glutaredoxin (Yang and Wells, 1991), for
observed in the Trx superfamily and with the fact thatwhich the most likely interpretation was that the
Cys14 is more buried than Cys11 in both proteins. In-Lys27Gln mutation affects the pKa of the catalytic cys-
deed, the calculated accessible surface area of S14teine Cys22 very slightly, while the Arg26Val mutation
is 0.5 A˚2 in all MD trajectories. The only hydrogenled to a dramatic increase in this pKa. It is tempting to
bond received by S14 is donated by the backbone amidespeculate that these experimental observations could
nitrogen of residue 8 and is formed as frequently in Grx1be rationalized using the same structural arguments as
as in Grx3 (80% of the time). Therefore, the lowerthose presented in this work, but an explicit study of
calculated pKa14 in Grx3 relative to Grx1 cannot be attrib-reduced pig glutaredoxin is needed to clarify this matter.
uted to hydrogen bonding. Another factor which can
strongly affect pKa14 is how deeply S14 is buried within
the protein low-dielectric medium (Gilson and Honig,
1988). Hydrogen bonding of Arg8 to S11 is such that
this arginine side chain fills a small groove between
Ser9-Gly10-Cys11 and Val59, occluding Cys14 even fur-
ther from solvent. This is consistent with pKa14 being on
average 1.7 units higher when Arg8 hydrogen bonds S11
than when it does not. The same reasoning can explain
the difference in pKa14 between Grx3 and Grx1. To further
test this idea, we deleted the Arg8 side chain in the
snapshot of grx1_a at 75 ns, leaving alanine instead. In
the original snapshot, Arg8 hydrogen bonds S11 (Figure
6), with instantaneous pKa11 	 0.06 and pKa14 	 20.0.
Recalculation of these pKas after the Arg8Ala mutation
yielded pKa11 	 4.4 and pKa14 	 16.5. The increase of
pKa11 upon mutation is consistent with the deletion of
two charged hydrogen bonds to S11, while the decrease
of pKa14 is consistent with the lesser burial of S14. The
large influence on the stability of a charge due to even
incremental burial in a low-dielectric medium should
not be underestimated (Gilson and Honig, 1988). In the
present case, this factor appears to dominate the influ-Figure 6. Hydrogen Bonding of the Guanidinium of Arg8 to the Thio-
ence of Arg8 on pKa14 when Arg8 hydrogen bonds S11,late Sulfur of Cys11 in Reduced Grx1
rather than the Coulombic stabilization of the negativeFrom snapshot of grx1_a at 75 ns. For clarity, only selected hydro-
charge on S14 by the cationic guanidinium. This showsgens are shown. Hydrogen bonds to the thiolate sulfur are depicted
with broken lines. how subtle and counterintuitive the mechanisms may
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Figure 7. Values of pKa11 and pKa14 Calculated
along Simulations of Grx3 and Grx1
The pKa11 (red) and pKa14 (blue) are shown ev-
ery 200 ps, for grx3_a (A), grx3_b (B), grx1_a
(C), and grx1_b (D).
be which modulate the pKa of key enzymatic catalytic The present work emphasizes the dynamic and fluctu-
ating nature of these active sites. This has very concreteresidues. These contributions can hardly be dissected
without theoretical models. implications, for instance when attempting to derive cal-
culated pKa values for the catalytic residues. We pre-Functional Implications
Proteins of the Trx superfamilly are involved in many sented examples where a large ensemble of conformers
is necessary to obtain converged values for such pKas.cellular functions (Chivers et al., 1996; Holmgren, 1989;
Woycechowsky and Raines, 2000; A˚slund and Beckwith, This set of conformers should be thermodynamically
relevant, as stressed by the analysis of the active site1999). Key to this variety of functions is the wide range
of redox potential associated with the -Cys-X-X-Cys- of reduced Grx1 in NMR structure 1EGR. In contrast
with this NMR structure, the simulations lead to a valuemotif found in the active site of these enzymes (Chivers
et al., 1997; A˚slund et al., 1997). The source of these of pKa11 in Grx1, which is consistent with the proposed
catalytic mechanism for glutaredoxins when reducing adifferences in reducing/oxidizing capacity is of consid-
erable interest, but not well understood. The pKa of the disulfide substrate (Gan and Wells, 1987; Yang and
Wells, 1991). Therefore, these simulations allow recon-N-terminal active site cysteine is one of the factors af-
fecting the redox potential. ciliation of structural and biochemical data.
Although the average calculated values of pKa11 areIt is striking that the standard state redox potential of
Grx1 is 35mV more negative than that of Grx3 (A˚slund virtually indentical in Grx1 and Grx3, the underlyling
structures differ. The conformation of the catalytic cys-et al., 1997), despite both enzymes sharing a common
-Cys-Pro-Tyr-Cys- active site motif within the same teines is more rigid in Grx3 than in Grx1. The N-terminal
catalytic cysteine populates three conformational rangesthree-dimensional fold (Mo¨ssner et al., 1998). The role
of Grx1 and Grx3 as hydrogen donors for ribonucleotide in Grx1, although it populates only one in Grx3. A key
difference between the two active sites, however, liesreductase in E. coli, a key enzyme for deoxyribonucleo-
tide synthesis, also highlighted kinetic differences be- outside the -Cys-Pro-Tyr-Cys- motif, and is associated
with the substitution of lysine by arginine at position 8.tween the two glutaredoxins in this reaction (A˚slund et
al., 1994). This substitution affects both pKa11 and pKa14, via specific
hydrogen bonding of Cys11 by Arg8, but not by Lys8.A complete explanation of the functional differences
between Grx1 and Grx3 cannot be obtained solely from The instantaneous pKa11 value is decreased when Cys11
is hydrogen bonded by Arg8, whereas, when this inter-the structure of their reduced forms free in solution.
Clearly, the difference in redox potentials reflects the action is not formed, the average calculated value of
pKa11 in Grx1 is higher than in Grx3. The net result is arelative stabilities of the reduced and oxidized forms. In
addition, dissection of the factors influencing the kinet- very different microscopic behavior between the two
enzymes with respect to their N-terminal catalytic cys-ics of reduction/oxidation of a client protein would re-
quire a structure of the complex between the two pro- teine, despite their same overall average pKa for this
cysteine. Such structural differences would be difficultteins. Indeed, these factors include the structural
determinants pertaining to the recognition of the two to uncover with time and ensemble-averaged experi-
mental measurements. That such differences are revealedproteins, influencing the rate at which the initial enzyme/
substrate complex is formed. All these equilibria, how- by the simulations is consistent with the fact that functional
differences exist between glutaredoxins 1 and 3.ever, depend on the properties of the uncomplexed glu-
taredoxin-reduced active sites. The frequent hydrogen bonding of Cys11 by Arg8 in
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Simulations of reduced Grx3 discussed in this work are significantGrx1 echoes earlier mutation studies with pig glutare-
extensions of previously reported simulations (Foloppe et al., 2001)doxin which showed that an arginine at the periphery
denoted struct1-S and struct2-S, and the details regarding theof the -Cys-X-X-Cys- motif can strongly influence the
preparation of these simulations are not repeated here. In this work,
pKa of the N-terminal active site cysteine (Yang and the simulations struct1-S and struct2-S will be referred to as
Wells, 1991). The present results offer a structural mech- grx3_a and grx3_b, respectively.
The two simulations of reduced Grx1 were derived from the coor-anism to rationalize this effect. This is likely to differenti-
dinates of conformers 1 and 13 in the available NMR structure (So-ate between Grx1 and Grx3 when it comes to recognition
dano et al., 1991) (PDB entry 1EGR). These were selected becauseof their reduced active site by client proteins. The
the sulfur (S11) of Cys11 in these conformers does not form any ofArg8Lys substitution may therefore prove to be an im-
the hydrogen bonds which were previously found to stabilize the
portant factor contributing to the equilibria determining associated thiolate in reduced Grx3. These initial structures there-
the different redox functions between Grx1 and Grx3. fore allow testing of whether these hydrogen bonds will be formed
during the simulations. In addition, 1 of Cys14 (1Cys14) adopts differ-This is of special interest because much work aimed at
ent initial orientations, in conformer 1 (1 	 32.9
) and conformerdissecting the factors affecting the pKa of the N-terminal
13 (1 	 163.2
), providing another test of convergence for the simu-active site cysteine and the redox potential in the Trx
lations. The NMR structure of reduced Grx1 was refined with bothsuperfamily has focused on the -X-X- dipeptide of the
active site cysteines in the neutral, thiol state. Because one major
-Cys-X-X-Cys- motif (Grauschopf et al., 1995; Huber- aim of the present study is to investigate the factors which stabilize
Wunderlich and Glockshuber, 1998; Joelson et al., 1990; the N-terminal active site cysteine in its thiolate state in glutaredox-
ins, the proton (H11) bound to S11 was removed in conformersKrause et al., 1991; Mo¨ssner et al., 1998). These experi-
1 and 13, and the corresponding S11 subsequently modeled asments demonstrated the profound influence of this di-
thiolate.peptide on the redox properties of enzymes in the Trx
A residue corresponding to the thiolate form of a cysteine wasfamily, but they also showed that this dipeptide is not
built in the CHARMM topology file, and the corresponding force
enough to determine the absolute redox potential for a field parameters were transferred from model compound methyl-
given enzyme. Other, unknown, factors, therefore, mod- thiolate (A. MacKerell, personal communication). The partial atomic
charges on Cys11 thiolate C and S were0.38 and0.80, respec-ulate these redox potentials. The present work provides
tively. For Grx1 the protonation states of other titratable residuesa step toward elucidating these other factors by illustrat-
were kept as in the NMR coordinates. Therefore, manipulation ofing the specific structural role of residues outside the
the initial NMR coordinates of conformers 1 and 13 for Grx1 led to-Cys-X-X-Cys- motif.
two starting structures for MD simulations, subsequently referred
Suggested Experiments to as grx1_a and grx1_b, respectively.
The present results suggest that mutating Arg8 in re-
duced Grx1 to other residues, including lysine, should Molecular Dynamics Protocols
lead to an increase of pKa11, relative to its value in wild- All coordinate manipulations, energy minimizations, and MD simula-
tions were performed with the program CHARMM (Brooks et al.,type Grx1. It would be of great interest to determine this
1983), the version 22 of its protein force field (MacKerell et al., 1998),value accurately experimentally. This may prove elusive
a dielectric constant of 1.0, and atom-based nonbonded interactionsif reduced Grx1 denatures in the same pH range as Grx3,
truncated beyond 12 A˚ with force shift (Steinbach and Brooks, 1994).which is pH 5.0 (Nordstrand et al., 1999b). Cys11 in
Nonbonded lists were maintained to 14 A˚ and updated heuristically.
reduced Grx3, however, starts to titrate above pH 5.0 Graphical operations were performed with the program VMD (Hum-
(Foloppe et al., 2001; Nordstrand et al., 1999b). This phrey et al., 1996).
Grx1 conformers were overlayed with a 50  46  42 A˚3 box ofdoes not allow an accurate measurement of pKa11 in
preequilibrated CHARMM TIP3P water (Jorgensen et al., 1983). TheGrx3, but it may be enough to obtain an approximate
water molecules that had their oxygen atom closer than 2.7 A˚ fromcomparison of pKa11 in Grx1 and in Grx3. That these
any protein atom were removed. The system was checked graphi-pKas should be very similar is indeed an important pre- cally so that no water molecule was accidentaly trapped in the
diction of the present work. This prediction is more reli- inner core of the protein. To neutralize each system, five sodium
able than the absolute values of these pKas, because counterions were added to the solvent in simulations of grx1_a and
grx1_b. Periodic boundary conditions were applied, and all covalentabsolute values depend on the protein dielectric con-
bonds involving a hydrogen were constrained with SHAKE (Ryckaertstant used in the calculations. An accurate experimental
et al., 1977). The solvent was then energy minimized, keeping thevalue of pKa11 in Grx1 would help calibrate the effective
protein fixed. Both the solvent and the protein were allowed to relaxprotein dielectric constant to be used for theoretical
in a second round of energy minimization, which was carried out
studies of glutaredoxin active sites. It is also expected to an energy gradient 103 kcal/mol/A˚. Each system was then
that substituting Lys8 by arginine in Grx3 will lower pKa11. submitted to MD simulations, using the leap-frog integrator and a
0.002 ps timestep. Heating was performed from 0 to 300 K in 6 psThe present study stresses the interest of the Grx1/
by 5 K increments, with every protein atom harmonically constrainedGrx3 pair as a model system to further dissect the fac-
to its initial position with a force constant of 2.0 kcal/mol/A˚2. Thetors affecting the pKa of the N-terminal active site cys-
simulation was then pursued at 300 K in the NVT ensemble for 40teine and the redox potential in the Trx superfamily. The
ps, with the constraints on the protein kept only during the first 20
approach used clearly highlights the need to take into ps. This was followed by 20 ps of MD in the NPT ensemble, to
account the dynamics of these active sites explicitly to monitor possible volume changes. The primary box volume adjusted
only very slightly upon simulation at constant pressure, ensuringunderstand their properties throughout the Trx super-
that the number of water molecules present was reasonable. Thefamily.
average volume during the last 10 ps of the NPT simulation was
kept for the remainder of the MD simulations, which were continued
in the NVT ensemble.Experimental Procedures
The simulations were run in parallel on a gnu/linux-cluster con-
taining 40 PentiumII (450 MHz) and 40 PentiumIII (866 MHz) proces-Preparation of Initial Structures for Simulations
The residue numbering for Grx3 and related proteins is as in A˚slund sors. One nanosecond simulation took 35 hr elapsed time using
16  866 MHz CPUs equipped with SCI (Dolphin Interconnect Solu-et al. (1996).
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tions AS; Scali AS, Norway) communications interfaces. Altogether Allen, F.H., Bird, C.M., Rowland, R.S., and Raithby, P.R. (1997).
Hydrogen-bond acceptor and donor properties of divalent sulfurapproximately 125,000 CPU hours were used.
Structural snapshots taken every 200 ps, excluding the first 5 ns, (Y-S-Z and R-S-H). Acta Crystallogr. B 53, 696–701.
have been deposited in the PDB after removal of water, counterions, A˚slund, F., and Beckwith, J. (1999). Bridge over troubled waters:
and overall translation/rotation. The following PDB IDs have been sensing stress by disulfide bond formation. Cell 96, 751–753.
assigned: grx1_a 1UPY, 1UPZ, 1UQ0, 1UQ1, and 1UQ2; grx1_b
A˚slund, F., Ehn, B., Miranda-Vizuete, A., Pueyo, C., and Holmgren,1UQ3, 1UQN, 1UQ6, 1UQ7, and 1UQH; grx3_a 1UQ9, 1UQM, 1UQP,
A. (1994). Two additional glutaredoxins exist in Escherichia coli:1UQO and 1UQQ: grx3_b 1UQ8, 1UQI, 1UQK, 1UQJ and 1UQL.
glutaredoxin 3 is a hydrogen donor for ribonucleotide reductase in
a thioredoxin/glutaredoxin 1 double mutant. Proc. Natl. Acad. Sci.Structural Analysis
USA 91, 9813–9817.A distance cutoff of 4.0 A˚ between sulfur and hydrogen bond donor
A˚slund, F., Nordstrand, K., Berndt, K.D., Nikkola, M., Bergman, T.,D was used for identification of a hydrogen bond, consistent with
Ponstingl, H., Jo¨rnvall, H., Otting, G., and Holmgren, A. (1996). Glu-previous studies (Adman et al., 1975; Allen et al., 1997; Donohue,
taredoxin-3 from Escherichia coli. Amino acid sequence, 1H and1969; Gregoret et al., 1991; Kerr and Ashmore, 1975). In addition,
15N NMR assignments, and structural analysis. J. Biol. Chem. 271,the angular conditions S···H—D  120.0
 and C—S···H  70.0
 were
6736–6745.applied for the corresponding hydrogen bond to be considered
formed. A˚slund, F., Berndt, K.D., and Holmgren, A. (1997). Redox potentials
The solvent-accessible surface area of sulfur atoms was calcu- of glutaredoxins and other thiol-disulfide oxidoreductases of the
lated using a probe radius of 1.4 A˚ and the CHARMM van der Waals thioredoxin superfamily determined by direct protein-protein redox
radii. equilibria. J. Biol. Chem. 272, 30780–30786.
We follow the standard recommendation for structural descrip-
Bashford, D., and Karplus, M. (1990). pKa’s of ionizable groups intions (Markley et al., 1998). For torsions, the gauche minus (g) and
proteins: atomic detail from a continuum electrostatic model. Bio-gauche plus (g) ranges are defined as 60
  30
 and 60
  30
,
chemistry 29, 10219–10225.respectively.
Berardi, M.J., and Bushweller, J.H. (1999). Binding specificity and
mechanistic insight into glutaredoxin-catalysed protein disulfide re-pKa Calculations
duction. J. Mol. Biol. 292, 151–161.The theory used for calculating the titration curves of proteins, by
solving the Poisson-Boltzmann equation with continuum dielectrics, Brooks, B.R., Bruccoleri, R.E., Olafson, B.D., States, D.J., Swamina-
has been described elsewhere (Bashford and Karplus, 1990; Yang than, S., and Karplus, M. (1983). CHARMM: a program for macromo-
et al., 1993). Calculation of the pKas for the titratable groups in lecular energy, minimization and dynamics calculations. J. Comput.
the NMR conformers was performed directly on the coordinates Chem. 4, 187–217.
deposited in the PDB. For the structures obtained from MD simula-
Bushweller, J.H., A˚slund, F., Wu¨thrich, K., and Holmgren, A. (1992).tions, the pKas were calculated every 200 ps. The electrostatic calcu- Structural and functional characterization of the mutant Escherichialations were performed with the program UHBD (Madura et al., 1995),
coli glutaredoxin(C14-S) and its mixed disulfide with glutathione.without any explicit solvent molecule, and using the parameters of
Biochemistry 31, 9288–9293.a tested protocol (Demchuk and Wade, 1996; Raquet et al., 1997).
Chivers, P.T., Laboissie`re, M.C.A., and Raines, R.T. (1996). TheThis protocol uses a modified OPLS parameter set to assign partial
CXXC motif: imperatives for the formation of native disulfide bondscharges and van der Waals radii, which includes only polar hydro-
in the cell. EMBO J. 15, 2659–2667.gens. Reference pKas of the model compounds corresponding to
the titrated groups were 4.0 for Asp, 12.0 for Arg, 8.3 for Cys, 4.4 Chivers, P.T., Prehoda, K.E., and Raines, R.T. (1997). The CXXC
for Glu, 6.3 for His, 10.4 for Lys, 9.6 for Tyr, 7.5 for the N-terminal motif: a rheostat in the active site. Biochemistry 36, 4061–4066.
amino group, and 3.8 for the C-terminal carboxyl group. A dielectric
Daggett, V. (2000). Long timescale simulations. Curr. Opin. Struct.constant of 78.5 was used for the solvent, and the protein dielectric
Biol. 10, 160–164.constant was set to 3.0 because this value has yielded reasonable
Demchuk, E., and Wade, R.C. (1996). Improving the Continuum Di-theoretical values for the pKas of interest in the active site of reduced
electric Approach to Calculating pKas of Ionizable Groups in Pro-Grx3 (Foloppe et al., 2001). The electrostatic potentials were calcu-
teins. J. Phys. Chem. 100, 17373–17387.lated using the grid focusing technique (Gilson et al., 1987), using
four successive cubic grids with dimensions of 60, 25, 20, and 20 A˚3, Dillet, V., and Bashford, D. (1998). Calculations of Electrostatic Inter-
and spacings of 3.6, 1.2, 0.75, and 0.25 A˚, respectively. The linear- actions and pKaS in the Active Site of Escherichia coli Thioredoxin.
ized Poisson-Boltzmann equation was solved at a temperature of Biochemistry 37, 10298–10306.
298 K, with an ionic strength of 150 mM and an ion exclusion layer of
Donohue, J. (1969). On N-H···S hydrogen bonds. J. Mol. Biol. 45,2.0 A˚. The titration curves were calculated using the cluster method
231–235.implemented in the program Hybrid (Gilson, 1993). Titration of the
Dyson, H.J., Jeng, M.F., Tennant, L.L., Slaby, I., Lindell, M., Cui,thiolate cysteine required that a corresponding residue be defined
D.S., Kuprin, S., and Holmgren, A. (1997). Effects of buried chargedin the modified OPLS topology file. The thiolate topology was de-
groups on cysteine thiol ionization and reactivity in Escherichia colirived from that of a standard cysteine by removing H and transfer-
thioredoxin: structural and functional characterization of mutants ofring its charge to S.
Asp 26 and Lys 57. Biochemistry 36, 2622–2636.
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Snapshots every 200 ps from the trajectories have been deposited
as theoretical models in the Protein Data Bank under ID codes 1upy,
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